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Abstract
Fast pyrolysis of biomass (wood, straw, rice husk) and its major compo-
nents (cellulose, hemicellulose, lignin) was conducted in a wire mesh reactor.
The aim of this study was to understand the influence of temperature (350-
1400 ◦C), heating rate (10-3000 ◦C/s), particle size (0.05-2 mm) and holding
time (1-4 s) on the char morphology. Scanning electron microscopy (SEM)
and elemental analysis were conducted to determine the effect of operating
conditions on char softening and melting during pyrolysis. The char yield
decreased with heating rate for rates ≤ 600 ◦C/s; above this value a similar
biomass char yield was obtained. The potassium content affected the char
yield stronger than other minerals, while the distribution of the three ma-
jor biomass constituents (cellulose, hemicellulose, lignin) affected the char
yield only to a minor degree. Moreover, it was found that the heat treat-
ment temperature had a larger influence on the char yield than the heating
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rate. Scanning electron microscopy indicated different types of biomass char
plasticization influenced by the applied temperatures, heating rates, parti-
cle sizes and holding times, except for the rice husk char that formed chars
with a structure similar to the parental fuel at all conditions. The less se-
vere morphological changes of rice husk char were attributed to a high silica
content.
Keywords: fast pyrolysis, wire mesh reactor, heating rate, char
plasticization, alkali
1. Introduction1
Biomass and waste combustion are significant sources of renewable elec-2
tricity supply in Denmark. Currently, Danish pulverized fuel fired power3
plants are in a transition to 100 % biomass firing to reduce the emission of4
greenhouse gases. The utilization of biomass leads to a range of major tech-5
nical challenges for the boiler and flue gas cleaning units, due to different6
chemical and physical properties compared to coal, reducing reliability and7
efficiency of power plants and creating limits for the amount of biomass that8
can be supplied to the power plant.9
One of the major challenges is related to the quality of agricultural10
residues, with a higher ash content of problematic elements that may cause11
slagging and fouling. Another problem is the chemical structure and mor-12
phology of woody and herbaceous biomass, which may hamper grinding to13
small particle size fractions (<0.5 mm). Fine biomass milling is energy-14
consuming, and fibrous particles with low bulk densities may cause feeding15
problems. Large biomass particles may create challenges with flame stability,16
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burnout and ignition [1, 2]. The challenge of achieving high fuel conversion17
at short residence times depends on biomass origin, morphological changes18
of fuel particle of different sizes, char yield, fuel reactivity, heating rate, local19
oxygen concentration and temperature in the boiler [3, 4].20
Fast pyrolysis at high temperatures and heating rates is the initial step21
of the pulverized biomass combustion. Similar to coal combustion, the fuel22
burn out is known to be influenced by the yield and reactivity of chars, pro-23
duced during pyrolysis [3]. The rapid heating of small biomass particles and24
the short residence time at high temperatures minimize the char yield and25
increase char reactivity [5]. The majority of previous investigations [3, 6–26
19] referred to low-ash containing feedstocks (softwood, hardwood). The27
effects of heating rate and temperature on the morphological transforma-28
tions at both slow (< 10 ◦C/s) and intermediate and fast pyrolysis environ-29
ments (> 100 ◦C/s) of the same feedstock were rarely studied. Most stud-30
ies report influences of operational conditions at high heating rate on the31
chemical structure and morphology of chars. The effect of char plastic de-32
formation with the occurrence of melting was emphasized at high heating33
rates. The char fluidity of coal and lignin during pyrolysis was described34
by the FG-DVC model (Functional Group - Depolymerization, Vaporization35
and Cross-linking model) of Solomon et al. [20, 21]. They pointed out that36
small differences in the cross-linking rate affect drastically the fluidity of the37
resulting metaplast. Cetin et al. [3] recalled the occurrence of biomass plastic38
deformation as an effect of a high heating rate and rated this phenomena in39
terms of char ability to melt (softwood > hardwood > bagasse).40
In the current fast pyrolysis study, the effects of temperature, heating41
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rate, particle size, residence time, inorganic matter and major organic com-42
ponents of biomass on the char yield and morphology are investigated at high43
temperature conditions in a wire mesh reactor (WMR). The structural char44
transformations, particularly char fluidity, are characterized by scanning-45
electron microscope (SEM).46
2. Materials and methods47
2.1. Raw samples48
Pinewood, beechwood, Danish wheat straw, leached Danish wheat straw,49
alfalfa straw and rice husk were used in this work to represent softwood, hard-50
wood and agricultural residues. The low-ash containing wood (pinewood,51
beechwood) of syringyl (S) or guaiacyl-syringyl (GS) lignin types and grass52
(wheat straw, alfalfa straw, rice husk) of hydroxy phenol-guaiacyl-syringyl53
(HGS) lignin type, which are rich in K, Ca and Si elements, were selected54
to investigate the effect of differences in ash composition and organic matter55
(cellulose, hemicellulose, lignin) on the char yield and structural transfor-56
mations. The fuels were milled on a Retsch rotor mill RZ200 and sieved to57
particle size fractions of 0.05-0.2 mm, 0.25-0.355 mm, 0.355-0.425 mm, 0.425-58
0.6 mm, 0.425-0.6 mm, 0.6-0.85 mm and 0.85-1 mm. Two types of Organosolv59
lignin made from softwood and wheat straw (purity> 94 %) were provided60
by BOC Sciences. Cellulose AvicelR (purity> 99.9 %) and xylan from beech-61
wood (purity> 90 %) were supplied by Sigma-Aldrich. The purity of xylan62
was additionally improved from 90 % to 96.6 % by a three step procedure in-63
volving a strong alkali treatment, bleaching and acetylation. The proximate64
and ultimate analyses of the fuels are shown in Table 1.65
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The wheat straw was leached in deionized water (room temperature) by66
continuous stirring for 12 hours, followed by drying at 30 ◦C in an oven des-67
iccator without any ventilation. The mineral content after biomass leaching68
was determined by ash analysis. Due to the wheat straw leaching, the metal69
content was reduced to ≈ 60 % of the original value and the Cl, S, K, Na and70
P contents were strongly reduced.71
2.2. Biomass compositional analysis72
The compositional analysis of biomasses (cellulose, hemicellulose, acid-73
soluble lignin, acid-insoluble lignin, protein and extractives) was conducted74
according to NREL technical reports [22–27] and Thammasouk et al. [28],75
and shown in Table 2.76
Two different extractions were performed on the fuels using acetone or77
ethanol-water as a solvent (room temperature). The detailed procedure of78
extraction with acetone and ethanol-water is described in the supplemental79
material.80
2.3. Experimental procedures81
2.3.1. Wire mesh reactor82
The effects of the particle size and holding time on the biomass char yield83
were studied on the wire mesh reactor at TU Munich [29]. A reconstructed84
version of the reactor was used to study the influence of the temperature85
and the heating rate on the char yield and the structural transformation of86
biomasses as shown in Figure 1. The reconstructed wire mesh reactor could87
be operated at temperatures up to 1700 ◦C, heating rates up to 5000 ◦C/s,88
and pressures up to 50 bar, whereas the original WMR could be operated at89
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temperatures up to 1400 ◦C, heating rates up to 3000 ◦C/s. The reconstructed90
wire mesh reactor encloses a tar collection filter at the top of the casing.91
The optical ports of the original wire mesh reactor were replaced with the92
cylindrical chamber to ensure a better sealing.93
The cylindrical reactor chamber was enclosed into a stainless steel casing94
by six bolts. The welded stainless steel mesh (316L, TWP Inc., mesh width95
of 0.042 mm) was bended in two equal-length parts, forming a small bag with96
a surface area of 20 mm x 20 mm. The bended mesh served as a sample holder97
and resistance heater. The sample temperature was monitored in dependency98
on the experimental heat treatment temperature by either a thermocouple99
type K (max. 1000 ◦C), type S (max. 1450 ◦C) or type B (max. 1700 ◦C) with100
a diameter of 0.051 mm. The two wires of a thermocouple (type K/S/B) were101
directly welded into the middle of the upper mesh side to determine the mesh102
temperature based on the Seebeck effect. The control system was based on103
the LabView software (Version 8.6), and consisted of a PID controller that104
adjusted the power output to the required temperature.105
The temperature distribution on the wire mesh was assumed to be uni-106
form. However, on the mesh side near the electrodes, the temperature could107
be lower than in the middle as reported by Hoekstra et al. [30]. In order to en-108
sure high reproducibility of char yield data, the sample was therefore placed109
centrally. The sample mass of 5±1 mg for each experiment was selected110
based on the previous studies of Nola et al. [14] to achieve one monolayer111
of particles within a mesh bag. The fuel sample was distributed homoge-112
neously in the mesh bag by using compressed air to remove particles of size113
< 0.042 mm. The wire mesh with the fuel sample was clamped between two114
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electrodes. A two-stage rotary vane pump was used to remove air from the115
reactor before the experiment. The mesh was continuously swept by nitrogen116
at a defined flow rate to remove volatiles from the fuel during experiments.117
Due to the inaccuracy of mass balance closures and char recovery using118
entrained-flow systems, the wire mesh reactor appears as a more reliable119
instrument for measuring char yields as the effect of secondary reactions in120
the sample and over the grid can be minimized. In this study, the effects of121
temperature, heating rate, particle size, holding time on the char yield and122
morphology were investigated with the wire mesh reactor.123
2.3.2. Tubular furnace124
A tubular reactor (TR), placed in a furnace (Entech, ETF3050/15S) was125
used for fixed-bed pyrolysis with a heating rate of <10 ◦C/min and a tem-126
perature up to 1400 ◦C. The furnace consisted of a stainless steel tube with127
an alumina tube fitted with electrical heating elements and gas supply. 5 mg128
of the virgin sample was loaded into the alumina boat placed in the furnace129
middle. The tubular reactor was purged with N2. Once the preset temper-130
ature was reached, the sample was kept for about 10 minutes or 4 hours in131
the furnace to ensure complete conversion. In the current investigation, the132
chars, prepared in the tubular reactor under slow heating, were applied to133
study morphological transformations.134
2.3.3. Solid residue characterization135
The solid char was collected from each experiment in the wire mesh re-136
actor and the tubular furnace. Elemental analysis, Scanning-Electron Mi-137
croscopy (SEM) with Energy Dispersive X-ray Spectroscopy (EDS) function138
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were used to the chars characterize morphology. SEM/EDS analysis was per-139
formed on a microscope (FEI Company, Inspect) with a tungsten filament140
under high vacuum in order to understand char structural and chemical prop-141
erties. Prior to the analysis, char samples were coated with a thin layer of142
carbon (40 s, 5 mA) using a Cressington 208 Carbon Coater to avoid sample143
charging. SEM/EDS analysis in a backscattered electron mode was carried144
out as an average composition of 20 points on different char particles.145
2.3.4. Measurement uncertainty146
The error bars shown in Figures 2-6 represent standard deviation from the147
mean of the series of experiments at each condition in the WMR. The char148
yield data obtained for each condition was plotted as a representative average149
of at least five experiments. The experiments conducted at 600 ◦C were150
repeated ten times due to a high uncertainty in the char yield measurement.151
The absolute extended uncertainty of the product yield was determined by152
Gaussian error propagation procedure [31], based on the equations shown in153
the supplemental material (S-3). The average standard measurement error154
in the present study was ±5 wt. %, within a 90 % confidence interval for155
the WMR experiments. The inaccuracy in determining the char yield was156
mainly caused by weighting errors. The char yields obtained from both wire157
mesh reactors were practically the same (< 1.5 %) as it was shown in the158
supplemental material.159
8
3. Results and discussion160
3.1. Char yield161
The influence of temperature, heating rate, particle size, holding time and162
biomass origin on the char yields were studied in the wire mesh reactor at163
TU Munich. Products resulting from the biomass pyrolysis included gases,164
tar, reaction water and solid char. The char yield (Ys) was defined as a165
non-devolatized solid fraction of the reacted biomass, remaining on the mesh166
after an experiment.167
Ys [wt%] =
mmesh+char −mmesh
mmesh+biomass −mmesh · 100 (1)
The characterization work was carried out on the combined char from several168
experiments. The volatile yield was determined by the difference between169
the total weight loss and the non-devolatized solid fraction. The elemental170
analysis of the biomasses and chars is shown in supplemental material.171
3.1.1. Effect of temperature and inorganic matter172
Pyrolysis experiments in a N2 flow were carried out in the wire mesh173
reactor. The volatile yield for a range of biomasses, sieved to 0.05-0.2 mm,174
with a heating rate of 1000 ◦C/s and a holding time of 1 s was measured as175
a function of temperature. The holding time of 1 s was considered to be176
sufficient for the complete pyrolysis of particles < 0.2 mm, as reported by177
Werkelin et al. [32].178
The char yields of pinewood, beechwood, wheat straw, alfalfa straw,179
leached wheat straw and rice husk are plotted versus the heat treatment180
temperature, on a dry and ash free basis in Figure 2. Pinewood pyrolysis is181
9
characterized by a lower char yield in comparison to the other fuels due to182
the low ash content. The higher char yields of wheat straw and alfalfa straw183
relative to the char yields of wood, leached wheat straw and rice husk may184
be associated with the catalytic effect of alkali metals that affect polymer-185
ization/ cross-linking.186
The reduced char yield for the leached wheat straw char in comparison to187
the untreated wheat straw is consistent with the hypothesis that K catalyzes188
the repolymerization and cross-linking reactions to char, as observed also189
by Jensen et al. [33] and Nik-Azar et al. [34]. The high level of potassium190
in the wheat straw and alfalfa straw may catalyze the conversion of bridges191
into char link, promoting faster devolatilization rates and suppressing tar192
formation [35], leading to the higher char yields.193
The lower char yield from pinewood pyrolysis in comparison to the beech-194
wood may be related to the lower presence of K and Ca cations in the original195
pinewood. Interestingly, the char yield of pinewood, leached wheat straw and196
rice husk at temperatures above 1000 ◦C is equally low (ca. 4 % daf). This197
indicates that any differences in major plant components (cellulose, hemicel-198
lulose and lignin) between straw and wood give rise to only small differences199
in the char yield, and in any case much smaller influence than potassium on200
the char formation.201
The largest biomass compositional difference in this study is related to202
the large content of extractives and protein in the alfalfa straw, constituting203
up to 50 % of the total fuel carbohydrates. The alfalfa straw has a char204
yield which is similar to wheat straw at T> 600 ◦C, again indicating that205
differences in the composition of organic matter is less important than the206
10
influence of potassium. Interestingly, the higher alkali amount in the original207
alfalfa straw (2.8 % of K and 1.3 % of Ca) than in the wheat straw (1.1 % of208
K and 0.24 % of Ca) seems to have no influence on the char yield. The effect209
of sodium on the decomposition cannot be clearly concluded based on its low210
presence in wood and herbaceous biomass, used in this study. The high Si211
content in the rice husk sample does not seem to affect the char yield, based212
on the similar char yields of rice husk (rich in Si) and leached wheat straw213
(low presence of Si).214
In Figure 3, the char yields of all biomasses used in this study are shown215
as a function of potassium content at heat treatment temperatures of 1000-216
1400 ◦C. The addition of Ca and Si does not improve the quality of the217
correlation compared with potassium only as shown in the supplemental218
material. The results clearly indicate a stronger catalytic effect of potassium219
on the char yield than calcium under fast heating, similarly to the findings220
of Nik-Azar et al.[34] and De Groot and Shafizadeh at low heating rates [36].221
Their investigations showed that the high levels of potassium in the biomass222
increase the char yield at low and intermediate heating rates.223
3.1.2. Effect of heating rate224
A wire mesh reactor can be operated over a wide ranges of heating rates225
and holding times. This work is carried out using a heat treatment tempera-226
ture of 1000 ◦C with a holding time of 1 s and heating rates from 10-3000 ◦C/s.227
Pinewood, beechwood and wheat straw were sieved to obtain the particle size228
fraction 0.05-0.2 mm. In Figure 4, the influence of heating rate is represented229
for pinewood, beechwood and wheat straw. In general, higher heating rates230
give greater weight losses for all three fuels. The most significant effect of231
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heating rate is observed in the region between 10 and 600 ◦C/s.232
The tendency of a reduced influence of heating rate on the char yield233
above > 600 ◦C/s seems to be consistent for all applied fuels, although a234
smaller further drop in char yield is seen at a high heating rate of 3000 ◦C/s.235
Zaror et al. [37] related the increased char yield at low heating rates to the236
longer residence times of volatiles in the particle, leading to predominance of237
secondary reactions with char, with tar cracking to form lighter compounds238
and char. Contrary to this, during fast heating a low molecular weight meta-239
plast is formed due to the fast bond breaking, leading to an increased pressure240
inside the particle, fast volatiles evaporation, and a low char yield [21].241
3.1.3. Effect of holding time242
The effect of holding time in the WMR is studied for pinewood, wheat243
straw and leached wheat straw at 600 and 1000 ◦C with a heating rate244
of 1000 ◦C/s and particle size fractions of 0.05-0.2, 0.25-0.355, 0.355-0.425,245
0.425-0.6, 0.6-0.85, and 0.85-1 mm as shown in Figure 5. At 600 ◦C, particles246
of all biomasses with a mean diameter < 0.425 mm can be fully pyrolyzed247
within 2 s. The larger pinewood particles require a longer holding time. The248
char yield of smaller particles with 2 s holding time seems to become slightly249
lower than the char yield of larger particles with 4 s holding time. The par-250
ticle fraction from 0.6 to 0.85 mm at 600 ◦C exhibits a higher char yield than251
particles < 0.6 mm. The differences between pinewood particle size fractions252
0.05-0.6 mm and 0.6-1 mm indicate the significance of extra- and/or intra-253
particle thermal resistances for larger particles.254
Smaller particles are converted faster due to the larger heat fluxes, and be-255
cause their temperature is more uniform (thermally thin), while the large par-256
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ticles have internal temperature gradients and thus a lower heat flux (W/m2),257
leading to a slower pyrolysis. It was found for fast heating rates relevant for258
pulverized fuel combustion [38–41] that the assumption of thermally thin par-259
ticles is no longer valid when the biomass particle size exceeds 0.2 mm. The260
pinewood particles between 0.05 and 0.85 mm are completely reacted within261
the first second of pyrolysis at 1000 ◦C. For a complete pyrolysis of particles262
> 0.85 mm, 2 s holding time is required. Under the applied high heating rate263
(1000 ◦C/s), the particles with a mean diameter < 0.425 mm may be con-264
sidered as thermally thin, while the inter-particle heat conduction in larger265
particles plays an important role in the biomass char conversion (pyroly-266
sis and char burnout), and must be accounted for in mathematical models267
at temperatures < 1000 ◦C and at high heating rates. This observation is268
based on the almost negligible differences between char yields of particle size269
fractions in a range of 0.05 mm<dp<0.425 mm.270
The wheat straw at 600 ◦C and 1000 ◦C and leached wheat straw at 600 ◦C271
require 2 s for complete conversion. The demineralization of wheat straw272
decreases the required holding time for complete pyrolysis from 2 to 1 s at273
1000 ◦C. The leached wheat straw of size > 0.425 mm obtained a higher char274
yield at 600 ◦C than untreated straw within 1 s. The present results show275
that at lower temperatures a high alkali content induces lower char yield,276
similarly to results of Saleh et al. [2]. Moreover, the holding time effect on277
the weight loss is not particularly dependent on the straw particle size. The278
pinewood particles tend to be more rod-like whereas wheat straw are more279
flake-like, based on the microscopic analysis, shown in supplemental material.280
The flattened straw particles were probably kept aligned in the mesh281
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pocket without any significant changes in the characteristic length over a282
wide range of apparent particle sizes. Thereby the required holding time283
for the complete pyrolysis at 600 ◦C was shorter in comparison to the non-284
flattened pinewood particles, where the width may turn out to be a charac-285
teristic length. The characteristic length plays a predominant role in the fuel286
conversion at temperatures ≤ 1000 ◦C with the non-sufficient holding time,287
so that more flattened particles yield less char. Particles of larger thicknesses288
cause higher internal mass and heat transfer resistance resulting in thinner289
relative thickness of the char conversion region during pyrolysis. The present290
results show that the effect of holding time depends strongly on the heat291
treatment temperature.292
3.1.4. Effect of particle size293
The effect of particle size (0.05-0.2, 0.25-0.355, 0.355-0.425, 0.425-0.6,294
0.6-0.85, 0.85-1 mm) was studied using pinewood, wheat straw and leached295
wheat straw. The experiments were carried out at 1000 ◦C and 1250 ◦C with296
a heating rate of 1000 ◦C/s and 2 s holding time. The experimental results297
obtained at 600 ◦C clearly indicate that a holding time of 1 s was not enough298
to convert particles above 0.355 mm, and the results are shown in the sup-299
plementary material.300
The char yields are illustrated in Figure 6. By raising the temperature301
from 1000 ◦C up to 1250 ◦C, the char yield decreases for all particle sizes.302
The experimental data in this work shows a slight char yield growth when303
a particle size is increased from 0.6 mm to 0.1 mm at 1000 ◦C and 1250 ◦C,304
indicating a slower pyrolysis for the large particles which leads to an increased305
char yield. Yet, it seems that the particles size change from 0.05 mm to 1 mm306
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of all biomasses with the 2 s holding time has less influence on the char yield307
than the heat treatment temperature.308
For comparison, Figure 6 also shows char yields for pine wood obtained309
for large 3, 4 and 5 mm cubes in a single particle reactor at temperatures of310
1190 ◦C, 1350 ◦C and 1450 ◦C [42]. The single particle reactor was designed311
for oxidation and pyrolysis studies on fuel particles >2 mm at temperatures312
up to 1500 ◦C at high heating rates [43]. The char yield, based on averaging313
15 experiments, is plotted as a function of heat treatment temperature and314
particle size. The char yield of the 3 mm pinewood cube decreases from315
ca. 7.3 to 6.0 % when the temperature is raised from 1190 ◦C to 1450 ◦C. A316
similar tendency in terms of a decreasing char yield with higher temperatures317
is observed for the 4 and 5 mm pinewood particles. Moreover, the differences318
between the char yields at different temperatures become less pronounced319
with increasing particle size. The results of 5 mm cube pyrolysis indicate320
no differences in a weight loss at 1190 ◦C and 1350 ◦C, while at 1450 ◦C the321
char yield decreases from 8.5 to 7.7 %. The char yield of the 5 mm pinewood322
particle is higher than for the 3 mm and 4 mm particles.323
In Figure 6, the results of pinewood pyrolysis are compared with the re-324
sults for wheat straw and leached wheat straw in order to understand the325
effect of biomass particle size in dependency on the biomass origin. The326
wheat straw and leached wheat straw show also a slightly increased char327
yield as the particle sizes increase from 0.05 mm to 1 mm at 1000 ◦C and328
1250 ◦C. The char yield of pinewood at 1000 ◦C and 1250 ◦C corresponds to329
the leached wheat straw results, except for the 0.85-1 mm particle size result.330
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3.2. Char morphology and structural transformations331
The char morphology and structural transformations from the fast pyrol-332
ysis of pinewood, wheat straw, alfalfa straw and rice husk in the wire mesh333
reactor at a temperature range of 350-1400 ◦C were compared with data from334
a heat treatment temperature at 1000 ◦C and a heating rate of 10 ◦C/min in335
a tubular furnace. This comparison shows the effect of heating rate and336
temperature on the char structural transformations during pyrolysis.337
The current investigation shows softening of the solid char matrix already338
at 350 ◦C at both low and high heating rates as it can be observed from SEM339
images in supplemental material. In contrast to results of Cetin et al. [3] who340
reported negligible morphological changes at low heating rates, the data in341
this study indicate softening of pinewood and wheat straw solid matter at342
1000 ◦C with a heating rate of 10 ◦C/min as shown in Figure 7. However, the343
plasticization at high heating rates is stronger than at low heating rates, as344
can be seen by the microscopy observations in this study.345
The devolatilization and fluidity of biomass involve the same basic steps346
as in the devolatilization of coal, i.e. bond breaking, possible formation347
of a metaplast, evaporation of tar and release of light gases, followed by348
repolymerization finally forming a char. In low rank coals such as lignite,349
which have a high oxygen content, low temperature bond formation (mainly350
ethers) can take place as well, which to some extent may prevent formation351
of a metaplast [20, 21, 44, 45]. The situation for biomass is complicated352
by the fact that it contains three distinctly different building blocks, i.e.353
cellulose, hemicellulose and lignin. The cellulose and hemicellulose are quite354
different from coal structures while the lignin has more resemblance with coal,355
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containing aromatic moieties [45, 46]. However, both pure cellulose [47], with356
its relatively weak hemi-acetal bonds, and lignin [35, 44] are known to form a357
melt at high heating rates and there is no reason to believe that hemicelluloses358
will not do the same under similar conditions. De Groot et al. [36] suggested359
that the decomposition of hemicelluloses contributes significantly to char360
formation and morphology due to the close association of inorganic species361
with the hemicelluloses through ion exchange on glucuronic acid groups.362
Moreover, the inorganic matter, that resides as minerals in coal, influences363
the pyrolysis behavior in a different way than in the case of biomass, where364
potassium and calcium play a role as active catalysts that may additionally365
affect the metaplast formation [35]. Yet, it is not well known to what extent366
the formation of a metaplast depends on the presence of alkali, and how this367
influence is changed with heating rate.368
Heating rates affect the melting and swelling behavior of both biomass369
and coal and thereby how the competing processes of tar formation (bond-370
breaking, cross-linking, internal mass transport) change with the tempera-371
ture. The heating rates determine the temperature at which the reaction372
occur [48]. Under slower heating conditions, plasticization on the char sur-373
face is hindered by cross-linking prior to bridge-breaking. At high heating374
rates, biomass behaves similarly to the bituminous coals and undergoes sig-375
nificant bridge-breaking before it starts to cross-link and therefore becomes376
fluid.377
Cetin et al. [3, 49] assigned the melting of fuel at high heating rates to378
a lack of cell structure, causing plastic transformation on the char surface.379
The results of this work as shown in Figure 7 show that the differences in380
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morphological transformations at 600 ◦C and 1000 ◦C are not significant for381
pinewood and wheat straw in terms of plasticization, probably because the382
primary pyrolysis reactions occur at temperatures < 600 ◦C.383
Moreover, alfalfa straw and rice husk underwent plastic deformation dur-384
ing fast pyrolysis in the wire mesh reactor, but less melting than the pinewood,385
indicating an effect of ash on the char morphology as shown in Figure 8. The386
alfalfa straw char at 1250 ◦C shows an increase in macropores. It loses its387
structural distinctions and maintains a very fragile and thin walled layer388
consisting of several molten fused particles. The high levels of K and Ca in389
the alfalfa straw may cause less severe plasticization, similarly to the wheat390
straw, by catalyzing the conversion of bridges into char links, and therefore391
increasing polymerization/ cross-linking and reducing char fluidity.392
The preserved rice husk char shape is probably mainly related to the393
high content of Si that hinders char polymerization / cross-linking . At high394
temperatures, a stable shell of rice husk char is formed, probably due to the395
softening of amorphous SiO2 at about 700
◦C, and when it is rapidly cooled,396
the silicon melt solidifies without crystallization [50]. The formation of glassy397
structures in the rice husk may be caused by the presence of potassium that398
could decrease the melting temperature of SiO2 [51], leading to a stronger399
char transformation at 1400 ◦C in comparison to chars, prepared at 1000 ◦C400
and 1250 ◦C as shown in the supplemental material.401
The morphological changes of biomass during pyrolysis may be a result402
of the degradation of different plant components that affect the metaplast403
formation. Hemicellulose degradation is known to occur over a relatively404
broad range of temperatures, and it forms more char than cellulose [52]. The405
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results of this study on the hemicellulose correspond to the investigations of406
Sharma et al. [53] at 350 ◦C under slow heating, where molten clusters of a407
pectin char were formed with the closed vesicles and open pores.408
The cellulose char, prepared at a peak temperature of 1000 ◦C, was avail-409
able on the mesh only in a very small quantity. Figure 8 suggests that the410
hemicellulose char solidifies after the fast pyrolysis, and forms a glassy amor-411
phous structure, similarly to the cellulose, which was probably even stronger412
plasticized. Lignin tends to be less volatile than cellulose and hemicellulose,413
leading to the formation of higher char yields [54].414
Figure 8 also shows the foamed softwood and hardwood lignin types at415
1000 ◦C with the formation of elongated vesicles on a smooth surface. The416
current investigation indicates an intensive swelling and foaming of lignin417
at 350 ◦C as it is shown in supplemental material. The optical differences418
between softwood and wheat straw are nearly negligible. In this study it is419
believed that under fast heating the formation of metaplast is mostly affected420
by the bond-breaking and cross-linking of organic components present in421
lignin that is less volatile than holocelluses. The stronger plasticized chars422
of pinewood and beechwood contain higher fractions of lignin (> 30 %) than423
herbaceous chars with (20-26 %). The high presence of inorganic matter in424
herbaceous biomass may also affect the metaplast formation, resulting in a425
less plasticized char.426
Interestingly, Jepsen [42] also reported in his pyrolysis experiments with427
larger pinewood particles that the surfaces of 3 mm and 5 mm particles were428
plasticized with the formation of elongated pores in the cutting direction of429
the original pinewood during pyrolysis. This indicates that even for large430
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particles fast heating rates at the surface may lead to local formation of431
a metaplast. Metaplast formation was not observed inside the particles,432
presumably due to lower heating rates.433
4. Conclusions434
The aim of the current investigation was to understand the effect of heat435
treatment temperature, heating rate, particle size, holding time and fuel ori-436
gin on the char yield and morphology for chars prepared under fast heating.437
The experimental study was performed in a wire mesh reactor. The struc-438
tural transformations of chars were characterized with SEM microscopy to439
understand mostly the effect of fast heating rate (1000 ◦C/s) and biomass ori-440
gin with respect to the ash components (K, Ca and Si) and organic matter441
(cellulose, hemicellulose, lignin) on the char formation.442
The largest effect of heating rate on the char yield was observed in the re-443
gion between 10 ◦C/s and 600 ◦C/s. Above > 600 ◦C/s the char yield seemed444
to become relatively insensitive to the heating rate increase. The heat treat-445
ment temperature and presence of potassium and possibly to a small extent446
by calcium affected the char yield stronger than the heating rates and dif-447
ferences in the plant cell composition. At the applied heating rates, up to448
3000 ◦C/s, the particle could be assumed to be thermally thin, when its size449
did not exceed 0.425 mm. The char yields of wheat straw and leached wheat450
straw were less affected by the holding time and particle size because the451
characteristic length for heat transport was determined by the particle thick-452
ness.453
Scanning electron microscopy on the chars indicated structural transfor-454
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mations of all biomasses during both fast and slow pyrolysis. At high heating455
rates, the char underwent strong deformation with clear signs of melting and456
development of macropores at all applied temperatures. The ability of char to457
melt under the fast heating followed the order softwood>hardwood>wheat458
straw, alfalfa straw > rice husk, and was related to the formation of meta-459
plast where lignin contributes probably more than holocelluloses due to its460
lower volatility. In addition, an essential catalytic effect of K and to a minor461
extent Ca on the fuel structural changes was hypothesized, probably owing462
to a stronger cross-linking of herbaceous chars, leading to the less fluidity.463
The smaller structural changes of rice husk chars were attributed to their464
high content of silicon.465
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Table 1:
Fuel Pine- Beech- Wheat Leached Alfalfa Rice Lignin Lignin
wood wood straw wheat straw straw husk wheat straw softwood
Proximate and ultimate analysis (% db)
Moisturea 5.1 4.5 5.5 4.3 5.2 4.5 4.4 6.1
Ash (550 ◦C) 0.3 1.4 4.1 2 7.4 21.7 3.6 1.3
Volatiles 86.6 79.4 77.5 84.2 75.9 64.3 66.3 67.3
HHVb 21.6 20.2 18.8 18.7 19.7 15.5 26.7 26.4
LHVb 20.2 19 17.5 17.4 16.9 14.5 25.5 25.2
C 50.5 46.7 42.4 45.7 42.5 35.5 61.8 64.6
H 6.8 6.3 6.3 6.6 6.1 5.5 3.8 5.3
N 0.1 0.3 1 0.3 3.3 0.1 1.4 0.8
Ash compositional analysis (mg/kg db)
S <0.01 0.02 0.1 0.02 0.03 0.03 0.8 0.1
Cl 0.01 0.02 0.1 0.01 0.5 0.05 0.03 0.5
Al 10 10 150 100 600 70 300 100
Ca 600 2000 2500 1300 12900 750 200 250
Fe 20 10 200 350 - 80 1400 600
K 200 3600 11000 1300 28000 2500 270 80
Mg 100 600 750 350 1400 400 40 <30
Na 30 100 150 50 1000 70 6800 4100
P 6 150 550 80 1900 600 30 30
Si 50 200 8500 6200 2000 98500 4000 900
Ti 2 <8 10 10 30 5 100 50
a wt. % (ar) b in MJ/kg
29
Table 2:
Biomass Cellulose Hemi- Lignin Total Extrac- Protein
cellulose acid in-
soluble
acid
soluble
lignin tives
Pinewood 38.3 17.8 29.6 1.8 31.4 8.8* 0.6
Beechwood 35 19.2 32 1.5 33.5 7.5* 1.9
Wheat straw 35.9 18 19.2 6.5 25.7 10.1** 6.3
Alfalfa straw 18.8 12 14.7 6.8 21.5 39.6** 5.1
Rice husk 36.7 17.7 21.6 1.2 22.8 1** -
* acetone extraction ** ethanol-water extraction
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Captions for tables and figures627
628
629
Table 1: Proximate and ultimate analysis of fuels (on %dry basis) and630
ash analysis (on mg/kg dry basis).631
632
Table 2: Biomass feedstock composition, calculated in percentage based on633
dry weight (% w/w).634
635
Figure 1: Wire mesh reactor at TU Munich636
Figure 1.1: Schematic top view of the wire mesh reactor at TU Munich: 1.637
Reactor steel casing; 2. Electrodes and holder of the wire mesh with a sam-638
ple; 3. Thermocouples B-type; 4. Thermocouples S-type; 5. Thermocouples639
K-type; 6. Wire mesh with a sample; 7. Intensifier; 8. PC with LabVIEW640
software; 9. Vacuum pump; 10. Gas bottle; 11. Valves.641
Figure 1.2: Photo of WMR before reconstruction642
Figure 1.3: Photo of WMR after reconstruction643
644
Figure 2: Influence of heat treatment temperature on the char yield of645
biomasses, reacted in a N2 stream in WMR (heating rate: 1000
◦C/s, holding646
time: 1 s).647
2.1: Wheat straw, beechwood, pinewood648
2.2: Alfalfa straw, leached wheat straw, rice husk649
650
Figure 3: Char yield versus only K element (heat treatment temperature:651
39
1000 ◦C, 1250 ◦C and 1400 ◦C, heating rate: 1000 ◦C, holding time: 1 s).652
653
Figure 4: Influence of heating rate on the char yield of wheat straw, beech-654
wood and pinewood, pyrolyzed in WMR (heat treatment temperature: 1000 ◦C,655
holding time: 1 s) and shown as dots, and compared with the standard656
volatiles analysis at 900 ◦C and shown as lines.657
658
Figure 5: Influence of holding time and particle size fraction on the pinewood,659
wheat straw and leached wheat straw char yield (heat treatment tempera-660
ture: 600 ◦C and 1000 ◦C, heating rate: 1000 ◦C/s).661
5.1 Pinewood, 600 ◦C662
5.2 Pinewood, 1000 ◦C663
5.3 Wheat straw, 600 ◦C664
5.4 Wheat straw, 1000 ◦C665
5.5 Leached wheat straw, 600 ◦C666
5.6 Leached wheat straw, 1000 ◦C667
668
Figure 6: Influence of particle size on the char yield of pinewood, wheat669
straw and leached wheat straw, pyrolyzed in WMR (heat treatment tem-670
perature: 1000 ◦C and 1250 ◦C, heating rate: 1000 ◦C/s, holding time: 2 s,671
particle size: 0.05-1 mm) and in SPR (heat treatment temperature: 1190 ◦C,672
1350 ◦C, 1450 ◦C, particle size: 3-5 mm).673
6.1: Pinewood in WMR and SPR674
6.2: Wheat straw and leached wheat straw675
676
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Figure 7: SEM images of pinewood and wheat straw, pyrolyzed (heat treat-677
ment temperature: 1000 ◦C, heating rate: 1000 ◦C/s, holding time: 1 s, par-678
ticle size: 0.05-0.2 mm), and compared with particles (heat treatment tem-679
perature: 1000 ◦C, heating rate: 10 ◦C/min, holding time: 10 min, particle680
size: 0.05-0.2 mm).681
7.1: Pinewood, 1000 ◦C/s682
7.2: Wheat straw, 1000 ◦C/s683
7.3: Pinewood, 10 ◦C/min684
7.4: Wheat straw, 10 ◦C/min685
686
Figure 8: SEM images of alfalfa straw char (heat treatment temperature:687
1250 ◦C, heating rate: 1000 ◦C/s, particle size: 0.05-0.2 mm) and rice husk688
char (heat treatment temperature: 1400 ◦C, heating rate: 1000 ◦C/s, parti-689
cle size: 0.05-0.2 mm); cellulose, xylan from beechwood and ORGANOSOLV690
lignin from softwood and from wheat straw (heat treatment temperature:691
1000 ◦C, heating rate: 1000 ◦C/s, particle size: 0.05-0.1 mm), pyrolyzed in692
WMR.693
8.1: Alfalfa straw char694
8.2: Rice husk char695
8.3: Cellulose char696
8.4: Xylan char697
8.5: Lignin (softwood) char698
8.6: Lignin (straw) char699
700
701
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